e long-term effect of water immersion on the mechanical properties of CFRC composite grouting materials was studied by using five different carbon fiber contents (0, 0.25%, 0.50%, 0.75%, and 1.00%). e direct shear and long-term immersion tests were performed based on the specified and optimum values of carbon fiber content, respectively. e results showed the following:
Introduction
Carbon fiber-reinforced cement (CFRC) composite material refers to a new composite material with cement as the substrate and carbon fiber as the reinforcement. Because carbon fiber has the advantages such as being lightweight and having high strength, large modulus, and strong corrosion resistance [1, 2] , it can effectively prevent the production of microcracks caused by bleeding, shrinkage, and temperature change during the consolidation process of cement-based slurry. At the same time, it can prevent or delay the occurrence and expansion of deformation and failure of cement-based solids during the loading process, improve the mechanical properties such as flexural, tensile, antifreezing, and antiseepage, and also achieve the strengthening and toughening effect of fiber materials [3] [4] [5] [6] . It has very few negative impacts on the environment. erefore, CFRC composite materials have a wide range of applications in the field of civil engineering.
On the one hand, some scholars conducted many experimental studies on the effect of carbon fiber content on the performance of CFRC composites. Xiong et al. [7] , Hai et al. [8] , and Yu et al. [9] performed uniaxial compression and tensile tests on composites with different carbon fiber contents. Based on their findings, the mechanical properties such as fracture toughness, Poisson's ratio, and compressive strength were increasing when the carbon fiber content increased within a certain content range. However, the apparent density and elastic modulus showed a decreasing trend. Sun and Wei [10] , and Wang and Zhang [11] revealed the performance of carbon fiber in the composite material to improve the resistivity or pressure-sensitive property within a certain amount. Nonetheless, its effect on the electrical properties was not clear with low or high carbon fiber content.
e results of those studies show that different carbon fiber contents can enhance the physical, mechanical, and electrical properties of CFRC composites to varying degrees. However, the performance of stabilizer is not clear when the carbon fiber content is too high or too low, and the optimum amount of carbon fiber is not unique for different material compositions or ratios. Moreover, few studies were available on the shear resistance of CFRC composites.
On the other hand, when CFRC composites are used for practical purposes, they are inevitably affected by temperature, humidity, erosion, freezing, and thawing etc., resulting in a series of physical and chemical reactions, which in turn lead to the deterioration of composite properties. erefore, one should study the durability of CFRC composites under different environmental conditions. For example, Shrestha et al. [12] and Zhang [13] evaluated the shear bond strength of CFRC composites under long-term wet condition or seawater corrosion attack. ey found that the strength was gradually decreasing while the experimental duration increased. Gong et al. [14] , Ren et al. [15] , and other studies have shown that the compressive and tensile strength of CFRC ribs has a certain degree of decreasing trend under seawater cyclic dry-wet condition or cyclic freeze-thaw condition. ese results have laid a good foundation for the study of durability properties of CFRC composite grouting materials.
As a high-performance grouting material, CRFC composite material is commonly used to improve the dam foundation and fractured abutments in many hydropower projects. After the commencement of the hydropower project, the reservoir water level will increase significantly. After the grouting treatment, the grouted rock mass will be affected by high water pressure under long-term soaking condition. However, previous studies do not consider this environmental phenomenon for CFRC composite grouting materials. To capture this scenario: firstly, the shear resistance of CRFC composites at different carbon fiber contents was studied, and the optimum carbon fiber content was determined. e uniaxial compression and splitting tensile tests were conducted to investigate the rate and degradation mechanism of the CRFC composite grouting materials under different water immersion durations.
Materials and Methods

Materials.
In this study, the CFRC composite material was prepared based on the recommended ratio of cementitious material, admixture, water, and carbon fiber [16] [17] [18] [19] [20] [21] . e cementitious material is composed of ultrafine cement, fly ash, mineral powder, silica fume, quartz sand powder, sodium sulfate, slaked lime, magnesium oxide, and sodium silicate. e compositions are tabulated in Table 1 . Admixtures mainly consist of water-reducing agents and retarders.
In this experiment, PAN-based chopped carbon fiber (manufactured by Sinosteel Shanghai Carbon Factory Co., Ltd.) together with polyacrylonitrile was used as a raw material. e basic properties are shown in Table 2 .
e effect of carbon fiber on the mechanical properties of CFRC composites was studied based on the existing literature [17] [18] [19] [20] [21] [22] . e samples were prepared by using five different carbon fiber contents (0 or no carbon fiber, 0.25%, 0.50%, 0.75%, and 1.00%).
Sample preparation procedures for CFRC composites are described as follows. Firstly, the composite materials were prepared and thoroughly mixed in a cement net pulp mixer based on their percentage by mass (Table 1) . Secondly, based on the experimental design, five kinds of carbon fiber contents were taken and uniformly mixed with water.
irdly, the slurry (from step 2) was poured into cementitious material (prepared in step 1). A uniformly mixed slurry was placed in a mold (50 mm diameter by 100 mm height) and kept in a curing box at a constant temperature and humidity. e mechanical tests were conducted after 28 days of curing time. e specimens are shown in Figure 1 .
Experimental Methods.
A grouted rock mass will be subjected to compression, tension, and shear stresses. e shear resistance of the grouting material is an important evaluation index. For this reason, firstly, the specimens of different carbon fiber contents were subjected to shear tests under the specified normal stresses (0.5 MPa, 1.0 MPa, 1.5 MPa, 2.0 MPa, and 2.5 MPa), and the optimum carbon fiber content was determined. en, the specimens were prepared based on the optimum carbon fiber content, and they were subjected to uniaxial compression and splitting tensile tests with different immersion durations to investigate the degradation mechanism of the CFRC composites. e testing program is shown in Figure 2 . e shear tests were conducted by using computerized direct shear apparatus known as YZW1000 (Figure 3(a) ). e shear loading device is shown in Figure 3 (b). e specimens were mounted on the testing device with a seating load and tested under different normal loads (0.5, 1.0, 1.5, 2.0, and 2.5 MPa). en, the shear load was applied at a controlled rate of deformation until residual strength was established. e uniaxial compression and splitting tensile tests have been conducted by using the RMT-150C rock mechanics test system (Figure 4(a) ). e loading devices used for the uniaxial compression and split tensile strength tests are shown in Figures 4(b) and 4(c), respectively. In this study, a load-controlled method was adopted. e uniaxial compression and splitting tensile tests were performed at a rate of 0.5 kN/s and 0.1 kN/s, respectively. In the meantime, the test was automatically stopped at failure.
In the immersion test, the design soaking water pressure is 0.5 MPa, and the total immersion time is 150 days. Among
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Advances in Materials Science and Engineering them, a set of specimens were taken for compression and tensile tests at different durations (0 day or initial state, 10 days, 30 days, 60 days, 90 days, 120 days, and 150 days). e immersion test was conducted by using the YRK-1 rock dissolution apparatus, which was invented and developed by our research team [22] . is device is used to simulate the water-rock interaction ( Figure 5 ). e pressure chamber has a pressure range of 0∼1.2 MPa.
Results and Discussion
Shear and Stabilization Characteristics of Different Carbon Fiber
Contents. e shear stress-displacement characteristics of the specimens are shown in Figure 6 .
As seen in Figure 6 ,
(1) With different carbon fiber contents, the shear stressdisplacement characteristics of the specimens exhibited both peak and residual strength. Peak and residual strengths were observed at small and large strain levels, respectively. (2) e shear strength was increasing when the carbon fiber content increased. Relative to the 0 carbon fiber content, the shear strength increased by 5.66%∼20.16%, 12.86%∼30.23%, 18.26%∼38.76%, and 22.64%∼43.41%, while the carbon fiber content increased from 0.25% to 1.00% at different normal stress levels. In comparison, the higher the normal stress is, the greater the increase rate in the shear strength.
e shear strength parameters (internal angle of friction φ and cohesion C) were determined based on the Mohr-Coulomb failure criterion. e computed values are shown in Figure 7 . e relationship between the unit carbon fiber content and the increment in the shear strength was defined by using the following equation:
where λ represents the internal angle of friction, φ, or the cohesion, C; Δλ designates the unit carbon fiber content (in this paper, the unit carbon fiber content was 0.25%)for the increase in the internal angle of friction, φ, or the cohesion, C; λ 0 stands for the value of φ or C when the carbon fiber content is 0, and n � 1, 2, 3, 4 representing 0.25%, 0.50%, 0.75%, and 1.00% of carbon fiber contents, respectively). e unit increment in the shear strength parameters of the specimen (Figure 8 ) was calculated by using equation (1) .
As shown in Figures 7 and 8, (1) e specimen with no carbon fiber content had 32.94°and 1.07 MPa internal angle of friction and cohesion, respectively. e internal angle of friction Advances in Materials Science and Engineering 3 was increasing by 1.46%, 3.16%, 4.95%, and 5.77% when the carbon fiber content was gradually increased from 0.25% to 1.00%. Similarly, the cohesion has been increased by 12.15%, 28.04%, 47.66%, and 56.07%. In comparison, the stabilization effect of carbon fiber on the cohesion, C, of the specimen was particularly significant. (2) e internal angle of friction per unit carbon fiber content and the cohesion have been increasing by 1.46%, 1.70%, 1.79%, and 0.82%, and 12.15%, 15.89%, 19.62%, and 8.41%, respectively, while the carbon fiber content has been increased by 0.25%, 0.50%, 0.75%, and 1.00%. In contrast, the increase in the shear strength parameters reached a peak value when the carbon fiber content increased from 0.5% to 0.75%. However, the rate of increment was decreasing while the carbon fiber content exceeded the optimum range.
Failure modes of the specimens with different carbon fiber content are shown in Figure 9 . Advances in Materials Science and Engineering e application of carbon fiber has a significant effect on the shear failure characteristics of the specimens (Figure 9 ) as follows:
(1) e top and bottom shear faces of the specimen (with no carbon fiber) were split by the occurrence of shear failure. Besides, the edges were peeled off, and the occurrence and expansion of the secondary crack was very noticeable. (2) e shear displacement was increasing when the carbon fiber content increased from 0.25% to 1.00%. Considerable displacement was observed between the upper and lower shear planes. However, the contact areas were not sheared. Both the top and the bottom surface areas were not affected by the shearing process. Broken carbon fibers were observed on the shear surfaces. Figure 10 is a schematic diagram that shows the distribution of the carbon fibers in the CFRC composite specimen. Carbon fiber plays two roles in the composite materials: one is to enhance the cementation strength and integrity of the composite components; the second is to limit Advances in Materials Science and Engineering the occurrence and expansion of microcracks during the shearing process to a certain extent (i.e., carbon fiber has high axial strength and modulus). e relative movement between the upper and lower shear planes of the specimen can be inhibited by using carbon fibers. Moreover, it has a good anchoring effect on the sheared specimen (improving the bonding between the top and bottom shear planes). Some carbon fibers were observed on the shear surfaces indicating the stabilization effect of carbon fiber on the shear resistance. As a result, crack propagation was minimized. Based on the above analysis, the shear resistance of CFRC composites was gradually increased by the coupled action of carbon fiber (i.e., "reinforcement" and "anchor"). e optimum carbon fiber content was found to be 0.75%.
Durability of CFRC Composite Specimens at Optimum
Carbon Fiber Content. Figure 11 shows the degradation in the compressive and tensile strength of the composite specimens under different soaking duration. It can be seen from Figure 11 that (1) e initial compressive strength of the specimen was 27.92 MPa. However, the compressive strength decreased by 6.73%, 10.28%, 16.05%, and 18.16% after 10, 30, 90, and 150 immersion days, respectively. About 88.38% of the total degradation in the compressive strength occurred in 90 immersion days.
(2) e initial tensile strength of the specimen was 3.74 MPa. e tensile strength was reduced by 9.09%, 14.97%, 18.45%, and 20.05% after 10, 30, 90, and 150 immersion days, respectively. Most importantly, about 92.02% of the total degradation in the tensile strength was observed in 90 immersion days. (3) Under the long-term immersion, the compressive and tensile strength of the specimen showed a consistent degradation trend (i.e., a steep gradient was gradually followed by a gentle slope), and it can be expressed by the exponential function. A significant deterioration occurred in 90 immersion days, and it was becoming stable while the immersion time increased. (4) e durability test results of this paper are in a good agreement with the previous studies. For example, the average bond strength of fiber concrete (fiber diameter 8 mm) was degraded by 35.14% in 150 soaking days [23] . According to Zhang [13] , the bond performance of CFRP-concrete was decreasing while the seawater immersion time increased, and the average bond strength was degraded by about 13% in 90 immersion days. In this paper, the mechanical properties of CFRC composites showed a relatively high degradation trend under the same soaking duration. Besides, the immersion process had a considerable hydrolysis effect on the specimens. Studies by Jiang et al. [24] and Wen [25] revealed that the presence of water pressure increased the permeability of the samples, and the infiltrated water yielded low adhesion of fibers and gelation in the specimens [26] . Hence, the effect of degradation was very noticeable. For example, Ma et al. [26] and other studies showed that when the hydrostatic pressure value increased from 0.3 MPa to 0.7 MPa, the diffusion depth of the chloride ion increased by more than 100%. Meanwhile, compared with the CFRC composite grouting material, the ordinary cement shows considerable deterioration in strength under the long-term water immersion process. For example, the average compressive strength and elastic modulus of cement asphalt mortar were reduced by 46.5% and 47.5% (within 30 days immersion time), respectively [27] . Similarly, the compressive strength of cement mortar was decreased by 36.39% after 48 h immersion time [28] . Moreover, the compressive strength of cement mortar was decreased by 35 to 39% within 50 days immersion time [29] . Based on pertinent literature, the mechanical strength of ordinary cement has been significantly decreasing under a long-term water immersion process. erefore, one should consider the degradation effect of water immersion on the CFRC composite grouting material. e failure characteristics of the specimens under a longterm immersion process were investigated by using the failure modes of uniaxial compression and splitting tensile tests (Figures 12 and 13) . Figure 12 shows that the uniaxial compression failure characteristics of the composite specimens under different immersion durations were significantly different. In the initial phase (without immersion), the carbon fiber improved the brittleness of the specimens to some extent, but there was no sign of deformation before the failure. e local tensile failure characteristics of the specimen were very noticeable. e carbon fibers were broken and pulled out of the specimens. After 30 immersion days, the failure modes of the specimens showed a dramatic change, and the tensile and shear cracks exhibited a reduction and increment trend, respectively. e number of cracks was small after 90∼150 immersion days. Although there were continuous main cracks and development of local secondary cracks on the body of the specimens, obvious falling off phenomenon was not observed, indicating the softening performance of the composite specimens and the overall properties (the brittle failure was exhausted). e tensile failure characteristics of the composite specimens under different immersion time were quite different ( Figure 13 ): the failure surfaces were regular, and the integrity of the specimen was good within 30 immersion days. e fracture surfaces of the specimens were shifted from the loading line, and a large amount of carbon fiber was observed on the surface within 90∼150 immersion days. erefore, the degradation of the specimen was critical, and the resulting failure surface was complex under the longterm water immersion process.
Degradation Mechanism of CFRC Composites.
According to the above analysis, the carbon fiber plays the roles of "reinforcing" and "anchoring" on the CFRC composite. Under the long-term immersion of water, the rate of degradation in the compressive and tensile strength of the specimen was initially steep and then gradually reduced. e failure modes changed significantly. ere are two main reasons for deterioration.
On the one hand, the long-term immersion yields deterioration in the physical and mechanical properties of the composite specimen. Cement-based materials showed a significant deterioration trend under the long-term immersion [30] . Firstly, the main product of hydrated cement is hydrated calcium silicate (C-S-H) gel. e load is going to be carried by the silicon chain and calcium-oxygen bond in the C-S-H structure when it has no water molecule. A calcium-oxygen bond was developing between the broken silicon chains while the silicon chain damaged. Some of the calcium atoms act to bridge the silicon chain. However, under the immersion condition of CFRC composites, water molecules diffuse into the interior of the composite by capillary absorption. A large number of water molecules infiltrate between the calcium-oxygen bonds in the C-S-H structure, and thereby reduce the interaction between the calcium and oxygen atoms in the silicon chains. As a result, the strength of the gel will reduce, and this will further facilitate the degradation in the mechanical properties of the composite specimen. e overall properties of the specimen become soft as a weakening result of water molecules and provoke transition between brittle and ductile states under uniaxial compression. Secondly, carbon fiber has poor hydrophilicity, and it will gradually reach aging condition under the long-term immersion conditions [31] . Besides, the specific characteristics of the specimen will also degrade. e mechanical anchoring force and chemical adhesion of the carbon fiber were decreasing when the water molecules seeped into the composite specimen and led to a decrease in the boding performance [23] . Under the external force, the carbon fiber will show the phenomenon of falling off as a "reinforced" material as shown in Figure 14 (image magnification is 500 times).
On the other hand, water pressure has a triggering effect on the deterioration of the composite specimen. Specimens will inevitably have initial defects such as pores and fissures that will further propagate under the action of water pressure. According to Wang et al. [32] , the extent of damage was increased by 2.85 and 6.63 fold when the water pressure was 0.3 and 0.7 MPa, respectively. A similar finding was also found by Jiang et al. [24] and Wen [25] . e presence of water pressure promotes the expansion and development of new cracks (an active zone for water molecules) and facilitates the occurrence of local failure. e failure mode was propagated from the loading plane to the irregular surface. As a result of weak planes (due to the development of local failures), the transition in the failure mode was occurred.
Based on a comprehensive analysis, the long-term water immersion process has a considerable effect on the microscopic and macroscopic mechanical properties, and the failure characteristics of the specimens. During the immersion process, the presence of water molecules in the body of the specimens has a negative impact on the interaction Advances in Materials Science and Engineering 9
between the calcium and oxygen atoms. In the meantime, the presence of water is responsible for the expansion of microcracks, and development of new cracks and local failures.
Conclusions and Recommendations
(1) e shear strength under different normal stresses, the internal angle of friction, and the cohesion were increasing by (5.66%∼20.16%, 12.86%∼30.23%, 18.26%∼38.76%, and 22.64%∼43.41%), (1.46%∼ 5.77%), and (12.15%∼56.07%), respectively, while the carbon fiber content increased from 0.25% to 1.00%. e optimum carbon fiber content was found to be 0.75% (i.e., the internal angle of friction and cohesion were increased by 1.79% and 19.62% per unit carbon content, respectively).
(2) e use of carbon fiber, on the one hand, is similar to the "reinforced" material, and it can enhance the cementation strength and integrity of the composite specimen; on the other hand, it can limit the occurrence and expansion of microcracks during the shearing process so that the comprehensive shear resistance of the CRFC composite grouting material was significantly improved. (3) e compressive and tensile strength of the specimen showed a consistent deterioration trend (i.e., a steep gradient was gradually followed by a gentle slope) under the long-term water immersion process. e rate of deterioration was remarkable within 90 immersion days. About 90% of the total degradation in the compressive and tensile strength has occurred in 90 immersion days (i.e., 16.05% and 18.45%, respectively). In comparison, the degradation in the tensile strength (20.05%) was slightly higher than the compressive strength (18.16%). (4) Under the long-term water immersion process, the properties of the specimens were gradually deteriorating, the carbon fibers were gradually reaching a fatigue stage, and the bonding properties of carbon fiber was decreasing, which resulted in a reduction in the compressive and tensile strength. e uniaxial compression failure mode changed from brittle to ductile, and the development of local failure was very noticeable. (5) Based on the findings of this paper, groundwater has a significant impact on the mechanical properties of grouted rock mass such as dam foundations and abutments. erefore, the degradation in the grouting materials has to be considered in practical cases.
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